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ABSTRACT

THE EFFECTS OF STEROID HORMONES ON LIMB REGENERATION IN
URODELE AMPHIBIANS
Name: Washabaugh, Charles Henry
University of Dayton, 1991
Advisor: Dr. P.A. Tsonis

Limb regeneration in vertebrates is a phenomenon in nature restricted to the
urodele amphibians. This complicated process has many facets which are continually
being studied using the latest techniques. For these studies, I first concentrated on
the potential use of Tariclza gra1lulosa, a native California newt,

as a suitable

experimental organism and the effects of retinoic acid on its limb regeneration
processes. Secondly, I have begun to elucidate the effects of vitamin D metabolites
on the regeneration process in the mexican axolotl, Ambystoma mexicallum, and the
newt, Notoptlzalmus viridescens. These effects were observed alone and in conjunction
with retinoic acid, another steroid hormone, for potential synergism between these
two hormones.
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REVIEW OF LITERATURE

Spallanzani (1769) first reported that salamanders regenerate lost appendages,
including limbs. Since the time of Spallanzani, many researchers have set out on a
quest to determine the mechanical nature of the regenerative process. The urodele
(tailed) amphibians such as the newt (Nolopl/zaimus vilideseens) and the axolotl
(Ambystoma mexieanum) are the only vertebrates that are able to undergo

regeneration as adults. Most of the initial research in the field of regeneration dealt
with the regenerative ability of almost all salamanders. Spallanzani (1769) and other
researchers (post 1900) supported the hypothesis that all salamanders regenerate lost
appendages.

Other researchers such as Nicholas (1955) state that regeneration

capacitance is unlimited in newts and salamanders and they will regenerate any time
when amputated at any level. Complete staging systems for the regeneration process
in various urodele amphibians were determined to yield a more defined analysis of
the stages comprising the process in NOloplhalmus virideseens (Singer, 1952; Iten and
Bryant, 1973), Ambystoma maeuialUm (Stocum, 1979) and, adult and larval axolotls,
Ambystoma mexieanum (Tank el ai, 1976; Scadding, 1990, respectively). Researchers

later determined that the process of regeneration has limitations such as size and age
of the animal (Pritchett and Dent, 1972; Scadding, ] 977).

Scad ding (1977) also

refers to many other amphibians with respect to their regenerative ability, whether
present or absent. Regardless of whether or not a particular animal can regenerate
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lost appendages, there is still a commonality in the process which seems to be
conserved (with slight modifications) throughout most amphibians.
When the newt limb is amputated at any level on the proximal-distal axis
(shoulder to the finger tip), there is a rapid migration of nearby epidermal cells to
the newly exposed site. These cells aid in healing the wound surface and then already
terminally differentiated tissues such as muscle, cartilage and other mesodermal
tissues dedifferentiate to a blastemal cell population on the plane of amputation.
These blastemal cells will proliferate under the direction of the peripheral nervous
system. The forelimb of the newt is innervated by three spinal nerves, which merge
at the level of the brachial

plex~s

and then divide before entering the limb, and are

all necessary for regeneration (Singer, 1952; 1974). Subsequent denervation of the
limb results in no limb regeneration at all. After the nerve-dependent proliferation,
the blastemal cells enter a differentiation stage where they begin to differentiate into
tissue specific cells. The blastema is specified by its tissue of origin. For example,
if a blastema from a regenerating forelimb was transplanted to a tail stump, the
blastema will exhibit morphogenetic autonomy and thus regenerate a forelimb.
Another example of this type would be the use of the proximal-distal axis in the
forelimb. When a newt is amputated at the shoulder, the blastema that is formed
gives rise to an entire new limb. If the amputation occurs at the wrist, the blastema
will reconstruct only the hand. This gives evidence that the blastema acquires the
necessary information from the parent tissue of its level of origin on the proximaldistal axis (Reviewed by Stocum, 1984; and Brockes, 1989).
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Regardless of the

amputation plane, either proximal or distal

In

nature, the regeneration process

proceeds at the same rate.
There are many compounds which have adverse effects upon the regeneration
process. One example of a specific family of compounds is the retinoids. Retinoids
are a class of compound which can have a modified terminal group that will produce
a variety of analogs of which many possess the biological activity of vitamin A
(retinol). Retinol is stored and released by the liver and is delivered to the target
tissues through circulation (Brockes, 1984). When in the tissues, retinol is converted
to retinoic acid via an aldehyde intermediate. Retinoic acid has been shown to affect
limb morphogenesis in an adverse way. Vitamin A and its derivatives, the retinoids,
have been shown to affect the developing and regenerating processes in limbs. In the
developing chick limb bud, the antero-posterior axis is affected (Thaller and Eichele,
1987) while the proximo-distal axis is affected in the regenerating amphibian limb
(Brockes, 1989). In the developing chick limb bud, the removal of a portion of the
polarizing region from the posterior margin of the limb and subsequent
transplantation to the anterior margin of the limb results in formation of duplicated
digits. When retinoic acid is topically applied to the anterior margin of the limb, the
same pattern duplication was observed as in the grafting of the posterior polarizing
region to the anterior margin (Tickle et ai, 1982). From these data, Tickle et ai,
(1982) determined that retinoic acid had a morphogenic action and thereby was
termed a morphogen. The most interesting effect of retinoic acid on urodele limb
regeneration is its ability to proximalize the blastema. The retinoic acid resets the
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positional memory of the blastema cells to make the blastema cells think that they
are to regenerate the tissues from a proximal amputation (Maden, 1982). Maden
(1982) studied the effect of various retinoids on the regenerating limb in axolotls, and
determined that of all the retinoids, retinoic acid had the most extreme effect on the
regeneration process. Maden (1982) concluded that vitamin A and its derivatives
have the ability to proximalize the positional memory of blastemata in distally
amputated limbs, thereby resulting in the production of more proximal structures.
One specific vitamin A derivative, retinoic acid, was determined to have the most
profound effects upon the regenerating limb (Maden, 1982).
The mechanism of action of retinoic acid is receptor-mediated and similar to
other steroid hormones (Evans, 1988; Giguere et ai, 1987; Petkovich el ai, 1987).
Upon administration, retinoic acid is first bound by the cellular retinoic acid binding
protein (CRABP), the cytoplasmic receptor, and subsequently binds to the nuclear
receptor, the retinoic acid receptor (RAR) (Evans, 1988). This nuclear RAR is
known to be a member of the steroid hormone receptor gene family (Evans, 1988).

In the developing chick limb bud, the gradient of retinoic acid is higher in the
posterior and lower in the anterior region. The cellular retinoic acid binding protein,
CRABP, was found to have an inverse spatial localization with respect to the CRABP
with higher expression in the anterior region in the posterior (Maden el ai, 1988).
Giguere, el af (1989) have cloned and studied the expression of a retinoic acid
receptor (RAR) in the regenerating newt blastema where no apparent gradient form
of distribution was observed.
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Another compound that may have an effect upon the regeneration process is
vitamin D 3. Vitamin D3 is a seco-steroid hormone (a steroid that has one broken ring
in its structure) that has an important role in calcium and phosphorous metabolism.
It is fat soluble and a requirement for the normal development of bones and teeth

(Evans, 1988). Successive hydroxylations in the liver and then the kidney convert the
vitamin D3 into its metabolites. The hydroxylation in the liver adds a hydroxyl group
to the 25th position and the kidney adds another hydroxyl group to either the 1st or
24th position. The results of these hydroxylations is the formation of two metabolites
under consideration. 1,25 dihydroxyvitamin D 3, the most active metabolite formed,
is principally involved in calcium and phosphorous metabolism.

The other

metabolite, 24,25 dihydroxyvitamill D3 is a much less biologically active metabolite
whose biological significance that is unknown (Rigby, 1988). It is known that a
deficiency in vitamin D3 causes rickets in vertebrates (Hughes, el.ai., 1988). The
biological actions of ],25 (OH)2 D3 are mediated through a hormone receptor. This
steroid receptor is very similar to the thyroid hormone receptor (McDonnell, et.a!.,
1988). 1,25(OH)2 D3 is known to have a regulatory effect on genes or gene products.
This effect may be either up regulation or down regulation.

The list of genes

involved is quite extensive (Minghetti, 1988). It has been shown that 1,25(OHh D3
up regulates its own receptor in mouse fibroblasts ill vilro and rat intestine ill vivo
(Strom, el.ai., 1989). 1,25(OH)2 D3 has been shown to act as a proliferationdifferentiation switch.

It has been shown to induce myeloid leukemia cells to

differentiate into macrophages (Miayura, et.al., 1981), induce the differentiating of
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mouse (MI-60) and human (HL-60) myeloid leukemia cells (Minghetti and Norman,
1988), and induce chondrogenesis of the embryonic limb bud mesenchymal cells
(Tsonis, 1991).
The nuclear retinoic acid receptor, RAR, and vitamin D3 receptor, VDR,
belong to the same steroid hormone receptor family (Beato, 1989). These receptors
are similar enough in structure and function to be classified together, and there are
extensive regions of homology between them (Beato, 1989; McDonnell et aI, 1988;
and Gehring, 1987). Since both the RAR's and the VDR have been classified into
the same receptor gene family affecting expression of other genes once activated by
binding of their ligands, there is a very strong possibility that these compounds have
similar or cooperative effects upon the regenerating amphibian limb, and that they
possibly establish these effects via similar mechanisms.
Therefore, we intend to study the regeneration process of another urodele
amphibian, Taricha granulosa, and the effects of retinoic acid to examine its suitability
for experimentation. Secondly, we will study the effect of another steroid hormone,
vitamin D, on the regeneration process in the axolotl, Ambystoma mexicallum.
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Histological analysis of forelimb regeneration in the California newt, Taricha
granulosa

CHARLES H. WASHABAUGH and P ANAGIOTIS A. TSONIS
Department of Biology, University of Dayton, 300 College Park, Dayton, OH
45469-2320
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ABSTRACT

The regenerative ability of the forelimbs of the California rough-skinned newt,

Taricha granulosa was determined and compared to the same ability of the adult
mexican axolotl, Ambystoma mexicallum. Forelimbs were amputated distally at the
wrist and limbs removed at 1, 2, 3, 4, 5 and 6 weeks post-amputation and were
examined by histological analysis.

Vitamin A, and its derivatives, cause extreme

changes in the regeneration pattern formation in the amphibian limb. The ability of
retinoic acid, a derivative of vitamin A, to proximalize the distal amputation was
determined Victoria Blue B staining of whole mount late regenerate limbs from
animals injected with RA.

Animals injected with RA displayed apparent

proximalization of the distal amputation.
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INTRODUCTION

In vertebrates, the regeneratian af an appendage is a phenamenan in nature,
restricted primarily to. the uradele amphibians. These amphibians, such as the newt
(Notopthalmus virideseens) and the axalatl (Ambystoma mexieanwn) are the anly

vertebrates which have this regenerative ability as an adult. Regeneratian begins with
the accumulatian af dedifferentiated cells underneath the waund epithelial cave ring.
These blastema ce1ls then proliferate and subsequently re-differentiate into. the
appropriate tissues necessary to. reproduce the missing portian af the appendage. It
has been reported (Stacum, 1984) that these blastemal cells passess the pasitianal
infarmatian necessary to. direct the regeneratian process alang bath the ante riapasterior and proxima-distal axis.

Therefore, the pasitianal memory which the

blastemal cells acquire is essential for the reproductian af the narmal limb.
Many researchers have already characterized a formal series af stages through
which the regenerating limb in same animals reach as it develaps. The initial staging
research was campiled from the adult newts, TrituntS eriswlus (Smith et at., 1974) and
NotopthalmLtS virideseens, (Singer, 1952; Iten and Bryant, 1973), and for small uradele

amphibians, Ambystoma maeulalum (Stacum, 1979), adult and larval axalatls,
Ambystoma mexieallum (Tank, el ai., 1976; Scad ding, 1990, respectively). Scadding

(1977) also. campleted a tharough distributian study af the limb regeneratian capacity
in adult amphibians. Scadding (1977) cancentrated an the ability af the organism to.
regenerate or nat while stressing the organismal size versus regenerative capacity.
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We have chosen another urodele amphibian, the rough-skinned California newt,
Taricha granulosa, in which to study the process of regeneration.

This native

California newt, first identified by Twitty (1935, 1942) has characteristic rough skin
and a dark brown dorsal versus a lighter orange-brown ventral pigmentation. Its
normal regeneration process has not been studied and therefore we undertook the
task of a detailed analysis of its regenerative abilities.
Our study depicts a histological analysis of the events which occur during the
regeneration process in T. granulosa, and compares this ability to the staging in limb
regeneration of Ambys(oma mexicallum (Tank, ef al., 1976).

We also intend to

demonstrate that the administration of the known morphogen, RA, has the same
effect on T. granulosa limb regeneration as in other urodele amphibians.

MATERIALS AND METHODS

Taricha granulosa obtained from Charles D. Sullivan Co., were kept in aquaria

at room temperature. Animals were anesthetized using 0.] % 3-aminobenzoic acid
ethyl ester (Sigma) and subsequently the forelimbs were amputated distally at the
wrist level. The size of the animals at the time of amputation ranged from 14-] 7 cm
anterior-posterior and weights ranged from 13-]6 grams.

The regenerating limbs

were observed periodically for external regenerative changes. Forelimbs from various
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animals to be used for histology were removed at 1, 2, 3, 4, 5, and 6 weeks postamputation and fixed in Bouin's fixative for at least 24 hours. Standard paraffin
embedding procedures were used to infiltrate the limbs for sectioning, and 7-1O,um
sections were cut longitudinally and stained with Hematoxylin and Eosin, and then
observed by light microscopy.
Trans-retinoic acid (Type XX, Sigma) was dissolved in dimethyl sulfoxide
(DMSO) and prepared as a stock solution (50 mg/ml) before injection. Animals
injected with RA received 75,ug per gram body weight at 7 and 17 days postamputation intraperitoneally. The amount of RA-injected/gram body weight was
derived from results of previous studies (Kim and Stocum, 1986a,b) in which it was
determined that an animal weighing 2-3 grams would have maximal duplication along
the proximo-distal axis if 100 ,ug-RNg body weight was injected. Consequently,
animals weighing 10-14 grams would receive 50 ,ug-RNg body weight to invoke a
maximal response. This lowered amount of RA injected was determined to invoke
the maximal response since there is an inverse relationship between the amount of
RA necessary for maximal duplication and the size of the animal. Control DMSO
injections were not done since it has already been established that DMSO has no
effect on the regeneration process (Thoms and Stocum, 1984). Limbs removed from
animals injected with RA were stained with Victoria Blue B and stored in methyl
benzoate (Sigma) for observation as whole mount limbs. Statistical analysis of the
time necessary for medium bud stage formation between control and retinoic acid
treatments was performed using the Student's t-test at a=0.05.
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RESULTS

The overall regeneration process in our study has similarities to that described
for the mexican axolotl as seen in Table 1. The size of the animals in each study
were very similar the amputation site was the same. Our data on limb regeneration
for A. mexicanum follows that of Tank, ef al. (1976).

In our study, both the

amputation planes for T. granulosa and A. mexicallum were distal at the wrist while
in the comparative study by Tank ef al. (1976), the amputation site was more
proximal. The effect of the different amputation plane for the axolotls was negligible
and regeneration proceeds at the same rate. The animals in our study were about
1 week slower in the regeneration procedure in the beginning and due to the level
of amputation, the loss of certain distinct stages occurred. The control animals in our
study and the axolotls reached the palette stage at the same time, and the actual
formation of digits in both studies occurs at more than 4 weeks post amputation. In
Taricha granulosa, after the initial stages of regeneration have been surpassed, the

result is the production of an entire limb, particularly the portion which was removed.
This limb is comparatively smaller than the actual normal limb and which must grow
in size to that of the original intact limb. The time necessary for a normal, full-size
regenerate to develop is about 5 months. The animals injected with retinoic acid
needed 1 month longer to fully regenerate. There is a significant difference (at t(095))
in the time required for formation of a distinct cone-like blastema (medium bud
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stage, Table 1) for control and retinoic acid treated T. granulosa. As seen in Table
1, the time required for complete regeneration in A. mexicanum differs considerably
from T. granulosa.

Taricha granulosa also displayed the inability to regenerate

accurately as a result of subsequent successive amputations.

CHARACTERIZATION OF THE STAGES OF REGENERATION IN T. GRANULOSA

The regenerative process, as seen hy the histological sections in Figure l(a-f)
depict the stages of the limb at one week intervals for six weeks. Since the control
limb regeneration stages have yet to be characterized, each stage (also seen in Table
1) observed will be described as follows.

Epithelial Wound healing
Epithelial cells were observed to cover the amputation plane entirely after
almost 24 hours and no further changes occurred until after 11 days post-amputation.
In Figure la, the covering of epithelial cells is quite apparent as it forms around the
protruding bone of the radius as a result of soft tissue retraction after amputation.
No apparent blastemal cells were observed beneath the wound covering, nor were
there any differences between the normal regenerate and those injected with RA.
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Dedifferentiation

The dedifferentiation of bone, muscle and cartilage tissues at the amputation
site, to form the primordial blastemal cells from which the regenerate will develop
occurs from approximately day 12 to day 28 post-amputation. This stage begins at
the same time for those animals treated with and without RA. A minor accumulation
of blastemal cells is shown in Figure 1b beneath the epidermal covering. From
external observations, blastemal tissue was present at 2Y2 weeks post amputation in
the form of a small cone.

Medium Bud/Redifferentiation/Palette

It was difficult to distinguish the precise time of initiation of these three stages

each so they will be presented as a whole. In Figure I( c-e), these stages are most
apparent. Figure Ic depicts the accumulation of the proliferating blastemal cells
beneath the wound epithelium thereby forming a distinct blastema with a cone-like
appearance. None of the blastemal cells began to re-differentiate until after 24 days
(Figure 1d). At which time a distinct re-differentiation of the blastemal cells into
cartilage cells is evident. This stage is also extremely close to the palette stage since
there is the appearance of early digits in the histology sections (Figures 1d and Ie),
however the digits were not visible by external observation. The only morphologic
change noted from exterior observations was that the transition from medium bud
stage to palette stage was rather fast with no apparent late bud stage.
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In the animals injected with RA, similar observations were made with the only
difference in the time (days) at which the stages took place, which is very
characteristic of the effects of RA administration. As seen in Table 1, the retinoic
acid injected animals were approximately 1-2 weeks behind the normal animals.

2-Digit/4-Digit
Two distinct digits were observed in the control and RA animals at 5 and 6-7
weeks post-amputation. This is not apparent in Figures Ie and 1f due to the plane
through which the sections were cut, however, this was noticeable through external
observations. The 4-digits were first present at 6 weeks for controls and 8-9 weeks
for RA animals. The digits were very small and just harely noticeable by external
observations. The time required for complete regeneration for the normal animals
was 150 days (approx. 5-6 months), while the RA injected animals required ] 80 days,
(6 months).

EFFECT OF RETINOIC ACID ON LIMB REGENERATION

Three of four forelimbs stained with victoria blue B from animals injected with
RA exhibited proximalization effects induced by this morphogen. The fourth limb
displayed the characteristic delays, but there was no apparent proximalization or
abnormalities present. Figure 2a depicts the regenerated forelimb (4Y2 months) after
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administration of RA Figure 2b shows the portion of the forelimb removed at the
time of amputation. The reproduction of more proximal structures (ulna and radius,
u l and r1, respectively) as well as the expected carpals (c), metacarpals (m) and
phalanges (p) are very distinct. The original ulna (u) and radius (r) were not easily
observed due to the specificity of Victoria Blue B for cartilage and not for bone
tissue and the thickness of the epidermal skin covering the limb.

The first

observations of the RA administration resulting in the proximalization of the distal
amputation was at 9 weeks post amputation. At this time, it was externally observed
that the regenerate was elongated when compared to the length of the amputated
hand (Figure 2a).
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Figure 1. Regeneration staging in T. granulosa by histological analysis. a)
Longitudinal section through a 1 week control, paraffin-embedded limb. The distal
amputation plane is shown by dashed line. Soft tissue retraction resulted in the
protrusion of the radius from the amputation plane. The epithelial covering (e) is
very distinct. X40. b) Longitudinal section through a 2 week control, paraffinembedded limb. Amputation plane indicated by dashed line. Both the radius (r) and
ulna (u) are shown with no apparent blastemal cells present. X40. c) Longitudinal
section through 3 week control paraffin-embedded forelimb. The epithelial covering
(e) and the accumulation of blastemal cells (b) are distinct. Amputation plane
depicted by dashed line. X40. d) Longitudinal section through a paraffin-embedded
4 week forelimb. Dashed line indicates plane of amputation. Carpal (c) and
metacarpal (m) are present at this time. X40. e) Paraffin embedded longitudinal
section at 5 weeks post-amp. Dashed line depicts plane of amputation. Distinct
carpals (c), metacarpals (m), and digit (d) are shown. X40. f) Six week longitudinal
paraffin embedded section. Carpal (c) and digit (d) are present. Dashed line depicts
plane of amputation. X40. All sections were stained with Hematoxylin and Eosin.

c
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Figure 2. Morphological effects of retinoic acid on limb regeneration in T. granulosa.
a) Victoria Blue B stained whole mount hand removed at the time of amputation.
b) Victoria Blue B whole mount limb (4'12 month from one repre entative animal
injected with retinoic acid (75 ,ug-RNg-hody weight). Original radiu (r) and ulna (u)
are present but not easily observed due to the thicknes of the limb and epidermal
covering and regenerated second radius (r1) and ulna (u l ) are apparent. Carpals (c)
metacarpals (m) and phalanges (p) are present in the distal regenerate.
Magnification X4.
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Table 1. Comparison of the regeneration stages of Ambystoma mexicanum and
Taricha granulosa.
Ambystoma mexicanum,
130·160 mm, 21°C

Stage

Taricha granulosa,
140·170 mm, 21°C
o

Days

Stage

Control
(Days)

+RA
(Days)

Wound Healing

0-5

Wound Healing

0-7

0-7

Dedifferentiation

6-14

Dedifferentiation

8-18

8-28

Medium Bud

14-21

Medium Bud

19-26

29-38

Redifferentiation

22-28

Redifferentiation

24-30

34-44

Palette

23-30

Palette

28-32

42-49

2-Digit

31-34

2-Digit

33-40

50-57

4-Digit

35-39

4-Digit

41-50

58-65

150

180

Complete
Regeneration

30

Complete
Regeneration

*RA= Retinoic Acid injected animals (75 ,ug/g-body weight)
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DISCUSSION

In our study, the ability of large amphibians such as Tariclza gra1lulosa and
Ambystoma mexicanum to regenerate accurately as adults has a profound effect upon

the role(s) of the gene(s) necessary for this to occur. The blastemal cells must
possess the intricate details pertaining to the positional cues necessary for normal
regeneration of the lost appendage(s). The question of the size of the animal under
examination seems to playa major role in the regeneration process. The amputation
of a limb, either forelimb or hindlimb, in Notoplhalmus viridescens, or in the larval
axolotls (Ambystoma mexicallum) numerous times results in the accurate reproduction
of the missing limbs whether proximal or distal. In our present study, the animals
were amputated initially at the wrist and then when the samples were collected, they
were amputated much more proximal for a second time. Whether the amputation
plane is proximal or distal has had no effect upon the time required for regeneration.
The only effect of the positional plane of amputation on the regeneration process is
that a distal amputation results in the loss of stages which is indicative that the distal
blastema has fewer structures to regenerate than a proximal blastema, and would
otherwise be noticeable in proximal amputations (Stocum, 1979).

Successive

regenerations in most limbs were not accurate as at first and resulted in many
abnormal regeneration patterns such as a spike, a hypomorphic regenerate, loss of
one or more digits produced, and some did not have the ability to regenerate the
second time. Only about 15% of the limbs regenerated accurately (data not shown).
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Scadding (1977) states that the regenerative ability of an amphibian decreases with
an increase in size thereby alluding to the idea that this ability in the larger urodele
amphibians would be lower if present at all. From our data, the animals, whether
control or injected with RA, demonstrated the ability to regenerate at least once
accurately.

However, there is a marked decrease in this ability with subsequent

amputations.
When retinoic acid was administered, the regenerates displayed the apparent
proximalization as seen in Figure 2b. Since retinoic acid has the same effects upon
the regeneration process in T. granulosa as previously studied in N. viridescens and
A. mexicallum (Maden, 1982), we speculate that these effects might be elicited

through similar mechanisms probably involving functional receptors (CRABP and
RAR's) for retinoic acid present during the regeneration process (Chytil and Ong,
1984; Keeble and Maden, 1986; Benbrook et ai, 1987; Giguere et ai, 1987; Petkovich
et ai, 1987; and Ragsdale, et ai, 1989). The delaying effects of retinoic acid resulted

in a significant increase in the time necessary for formation of a cone-like blastema
in these animals injected with RA. We did not observe any abnormalities as a result
of the RA administration, therefore, the dosage required for the production of
abnormalities in T. granulosa is different from the 75 ,ug-RNg-body weight we
injected.
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ABSTRACT

Vitamin D, a seco-steroid hormone, is known to be essential for normal
metabolism of phosphorus and calcium. 1,25 dihydroxyvitamin-D3, the biologically
active metabolite has been shown act as an induction/proliferation switch in various
cell lines (Strom, 1989; Miayura, 1981; Minghetti and Norman, 1988; Tsonis, 1991).
In this study we describe the effects of 1,25(OH)2-D3 alone or in conjunction with
retinoic acid on the regenerating limb in two amphibian species Notopthalmus

viridescens and Ambystoma mexicallum.
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INTRODUCTION

In the field of amphibian limb regeneration, there are many compounds which
have an adverse effects on the regenerating fore and hindlimbs. Pattern formation
in both the developing and regenerating limb is dependent upon the embryonic
nature of the limb budlblastemal cells in each system. Changes in the information
necessary for correct pattern formation causes adverse effects. Many compounds,
such as steroids, have been shown to alter the positional cues for limb development/
regeneration. Vitamin A and its derivatives, the retinoids, have been shown to affect
the developing and regenerating processes in limbs. In the developing chick limb
bud, the antero-posterior axis is affected (Thaller and Eichele, 1987) while the
proximo-distal axis is affected in the regenerating amphibian limb (Niazi, 1978;
Maden, 1982; Brockes, 1989). In the developing chick limb bud, the removal of a
portion of the polarizing region from the posterior margin of the limb and subsequent
transplantation to the anterior margin of the limb results in formation of duplicated
digits. Retinoic acid mimics this effect when topically applied to the anterior margin
of the limb yielding the same pattern duplication in the limb (Tickle et ai, 1982).
From these data, Tickle et ai, (1982) determined that retinoic acid had a
morphogenic action and thereby was termed a morphogen. Maden (1982) studied
the effect of various retinoids on the regenerating limh in axolotls, and determined
that of all the retinoids, retinoic acid had the most extreme effect on the regeneration
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process.

Maden (1982) concluded that vitamin A and especially its derivative,

retinoic acid, have the ability to proximalize the positional memory of blastemata in
distally amputated limbs,

thereby resulting in the production of more proximal

structures.
The mechanism of action of retinoic acid is receptor-mediated and similar to
other steroid hormones (Evans, 1988; Giguere el aI, 1987; Petkovich el aI, 1987).
Upon administration, retinoic acid is first bound by the cellular retinoic acid binding
protein (CRABP), the cytoplasmic receptor, and subsequently binds to the nuclear
receptor, the retinoic acid receptor (RAR) (Evans, 1988). This nuclear RAR is
known to be a member of the steroid hormone receptor gene family (Evans, 1988).
In the developing chick limb bud, the gradient of retinoic acid is higher in the
posterior and lower in the anterior region. The cellular retinoic acid binding protein,
CRABP, was found to have an inverse spatial localization with respect to the CRABP
with higher expression in the anterior region in the posterior (Maden el aI, 1988).
Giguere, et al (1989) have cloned and studied the expression of a retinoic acid
receptor (RAR) in the regenerating newt blastema where no apparent gradient form
of distribution was observed.
Another steroid hormone, vitamin D, (a seco-steroid hormone that has one
broken ring in its structure) is known to play an important role in calcium and
phosphorous metabolism.

It is fat soluble and a requirement for the normal

development of bones and teeth (Evans, 1988). Successive hydroxylations in the liver
and then the

~!~ney

convert the vitamin D3 into its metabolites. The hydroxylation
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in the liver adds a hydroxyl group to the 25th position and the kidney adds another
hydroxyl group to either the 1st or 24th position. The results of these hydroxylations
is the formation of two metabolites under consideration. 1,25 dihydroxyvitamin D 3,
the most active metabolite formed, is principally involved in calcium and phosphorous
metabolism.

The other metabolite, 24,25 dihydroxyvitamin D3 is a much less

biologically active metabolite whose biological significance that is unknown (Rigby,
1988).

It is known that a deficiency in vitamin D causes rickets in vertebrates

(Hughes, et.al., 1988). The biological actions of 1,25 (OH)2 D3 are mediated through
a hormone receptor. This steroid receptor is very similar to the thyroid hormone
receptor (McDonnell, et.al., 1988) and to retinoic acid receptors, RARs. 1,25(OH)2
D3 is known to have a regulatory effect on genes or gene products. This effect may
be either up regulation or down regulation.

The list of genes involved is quite

extensive (Minghetti, 1988). It has been shown that ] ,25(OH)2 D3 up regulates its
own receptor in mouse fibroblasts ill vitro and rat intestine ill vivo (Strom, et.al.,
1989). 1,25(OH)2 D3 has been shown to act as a proliferation-differentiation switch.
It has been shown to induce myeloid leukemia cells to differentiate into macrophages

(Miayura, et.al., ]981), induce the differentiating of mouse (M1-60) and human (HL60) myeloid leukemia ce])s (Minghetti and Norman, 1988), and induce chondrogenesis
of the embryonic limb bud mesenchymal cells (Tsonis, 1991).
The nuclear retinoic acid receptor, RAR, and vitamin D3 receptor, VDR,
belong to the same steroid hormone receptor group (Beato, 1989). These receptors
are similar enough in structure and function to be classified together, and there are
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extensive regions of homology between them (Beato, 1989; McDonne11 et ai, 1988;
and Gehring, 1987). Since both the RAR's and the VDR have been classified into
the same receptor gene family affecting expression of other genes once activated by
binding of their ligands, therefore, there is a very strong possibility that these
compounds have similar or cooperative effects upon the regenerating amphibian limb,
and that they possibly establish these effects via similar mechanisms. This study was
designed to examine the role of vitamin D metabolites on limb regeneration in
salamanders.

MATERIALS AND METHODS

Animals
Larval axolotls (Ambystoma meXiCallum) 2-3 em, 1-2 grams, were obtained
from I.U. Axolotl colony and were maintained in a 20% modified Holtfreter's solution
at 21-25°C and fed daily with brine shrimp. Adult newts (Notopthalmus viridescens)
were obtained from Charles Sullivan Co., Nashville, Tennessee and maintained in
treated tap water at 21-25°C and fed dried blood worms 2-3X per week.
Treatments
Larval axolotls were raised in isolation due to cannibalism among the animals.
All animals were anaesthetized in a 0.1 % 3-aminobenzoic acid ethylester (Sigma) and
the fore and hindlimbs were amputated distal at the wrist/ankle. A stock solution of
retinoic acid (Sigma, Type XX), RA, was prepared at 50 mg/ml in dimethylsulfoxide
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(DMSO, Sigma) and 1,25(OH)2-D3 and 24,25(OH)rD3 (a generous gift from Dr. M.
Uskokovich, Hoffman-La Roche) were dissolved in 9S% ethanol. Seven experimental
groups were established with approximately 16 limbs (fore and hind) per group. In
group 1 animals were injected with 2 ,ul of 9S% ethanol as a control.

Group 2

animals received retinoic acid (100,ug/g-body weight). Group 3 animals received Y2
normal dosage of retinoic acid (SO ,ug/g-body weight). Groups 4 and S received 100
,ug/g-body weight of 1,2S(OH)2-D3 and 24,2S(OH)z-D3, respectively. Group 6 received
100 ,ug/g-body weight of 1,2S(OH)rD3 and SO ,ug/g-body weight of RA. Group 7
received 100 ,ug/g-body weight of 24,2S(OH)2-D3 and SO ,ug/g-body weight of RA. All
animals were injected interperitoneally at 3 days post-amputation. Animals were
permitted to fully regenerate to observe the effects of vitamin D3 on the process of
regeneration. After that, the limbs were removed and fixed in Bouin's fixative. The
limbs taken from animals early in the experiment were embedded with paraffin and
histologically analyzed while those at later stages were stained with Victoria Blue B
and examined. The Student's t-test (a=O.Ol) was employed to determine if a
significant difference exists in the time necessary for formation of a cone-stage
blastema between control and treated animals.

RESULTS
Vitamin D metabolites cause retardation of regeneration

The first observation that was apparent to us was that the treatment with
1,2S(OHhD3 and 24,2S(OH)2D3 caused a prolonged retardation in the various stages
of limb regeneration as well as the overall process. The results of the effects of
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vitamin D metabolites on axolotl larvae are presented in Table 1. As seen by these
results (Table 1), there is an apparent delay in the formation of the cone-stage
blastema and subsequently after its formation, the regeneration process is similar
among a11 groups in time required to reach each successive stage. This delay was
determined, for all groups, to be significant from the control animals in the formation
of a cone stage blastema at t(0.99). The control animals regenerated in 21 days while
those animals in the positive control retinoic acid group displayed an apparent delay
(approx. 2-3 weeks) in the regeneration process which is also characteristic of RA
administration.

The Y2RA animals displayed a significant delay in the time for

formation of the cone-stage blastema but there was no change in the time required
for complete regeneration and resultant limbs were normal. Animals injected with
1,25(OH)2D3' 1,25(OH)2D3

+ Y2RA, 24,25 (OHhD 3, and 24,25(OH)zD3 + Y2RA a11

displayed a delay similar to that of the retinoic acid injected animals. All animals in
these groups were approximately 1-2 weeks behind in the time necessary for a full
regenerate.

£[[ecls or vitamin D metabolites

011

the morphogellc. L or the regenerating limbs

Some of the limbs from animals injected with RA exhibited no or abnormal
regeneration patterns, which is a characteristic of the extreme effects of retinoic acid.
No apparent abnormalities were observed in the control animals. An abnormal limb
is defined as a defect (missing or fused digits/phalanges, and carpals/metacarpals, or
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tarsals/metatarsals) in at least two of the different limb structures regenerated.
Approximately 50% of the limbs from animals injected with 1,25(OH)2D3 and
24,25(OH)2D3 displayed abnormalities with no apparent proximalization (as seen by
data summarized in Table 2). One limb from the animals which received a dual
injection of 1,25(OH)2D3

+ Y2RA displayed a distinct proximalization (reproduction

of a second radius and ulna) thereby alluding to possible synergistic effects between
1,25(OH)2D3 and RA. Consequently, one limb from the animals injected with both
24,25 (OH)2D3

and Y2RA was observed to be slightly proximalized and the

regeneration in other limbs was inhibited or abnormal.
Most of our experiments were performed using the axolotl larvae. The main
reason for this is that the vitamin D metabolites are

extremely expensive, and

extensive use in a larger animal such as Notoptlzalmus viridescells was not favored.
However, we also examined the effects of vitamin D metabolites in the regenerating
limb of the newt (N. viridescens).

Preliminary results show similar action of the

metabolites as in the ones reported for axolotl larvae (Table 1). Blastema formation
was also found to be greatly delayed in the newt as seen in Figure 1.
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Table 1. EtTects of retinoic acid and vitamin D on limb regeneration in the mexican
axolotl, Ambystoma mexicanum. List of table abbreviations:RA- Retinoic Acid; WEWound Epithelium; EB- Early Blastema; B- Blastema; C- Cone; LC- Late Cone; EPEarly Palette P- Palette; LP- Late Palette; 2D- 2-digits 3D- 3-digits; 4D- 4-digits; RRegenerated. RA treated animals received 100 ,ug-RNg-body wt; Y2RA animals
received 50 ,ug-RNg-body wt; 1,25(OH)2-D3 and 24,25(OH)2-Drtreated animals
received 100 ,uglg-body wt.

Days

Post

Amp

Stage

Control

RA

Y2RA

1,25

1,25 +
Y2RA

24,25

24,25+
%RA

WE

3

3

3

3

3

3

3

EB

4-5

8-10

6-7

6-7

6-7

6-7

6-7

B

6-7

10-11

8-9

8-9

8-10

8-9

9-10

C

7-8

12-13

9-10

10-12

11-13

10-12

11-12

LC

8-9

17

10-11

11-13

13-14

12-13

12-14

EP

9-10

19

13-14

14-15

14-15

13-14

15-16

P

11-12

20

14-15

15-16

]5-16

15-16

16-17

LP

12

20-21

15-16

16-17

16-17

16-17

18-19

2D

12-13

22-23

16-17

17-18

17-18

17-18

19-21

3D

13

24-25

17-18

19-21

19-21

19-21

20-22

4D

14-18

27-29

19-20

23-24

21-23

21-23

24-26

R

21+

43+

23+

33+

33+

33+

35+
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Table 2. Effects of vitamin D metabolites on the morphogenesis of the regenerating
limbs. RA=retinoic acid (100 ,uglg-body weight); Y2RA (50 ,uglg-body weight);
1,25(OH)2D3 and 24,25(OH)2D3 (100 ,uglg-body weight). In order for a limb to
termed abnormal, a deletion/fusion of the carpals, metacarpals, tarsals, metatarsals
and phalanges must exist.

Treatment

Number
Prox.

Number
Normal

Control

12

0

11

RA

10

5

a

3

2

Y2RA

10

0

9

1

0

1,25

12

5

7

0

1,25 + Y2RA

7

1

6

a

0

24,25

13

0

6

7

0

24,25+Y2RA

6

1

3

0

2
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Number
Abnormal

Number
Inhibited

Number
Limbs

0

Figure 1. Vitamin D metabolite induced regeneration delay in N. viridescens. a)
Control 20 day newt forelimb paraffin embedded and sectioned (8,um); Wound
epithelium, e; Carpals, c; and Metacarpals, m, are very apparent. b) 1,25(OH)2D 3
injected (250,ug) 20 day newt limb paraffin embedded and sectioned (8,um); Wound
epithelium, e; Blastema, b; and Radius, r, are very apparent. c) Retinoic acid
injected (100 ,uglg-body weight) 20 day newt limb paraffin embedded and sectioned
(8 ,urn). Wound epithelium, e; Radius, r; and Carpal, c, are very apparent.
Amputation plane denoted by dotted line. All sections were stained with hematoxylin
and Eosin. Magnification for all figures, 112X.

a

b

•

c
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DISCUSSION

Our data indicate that vitamin D has an effect upon the regenerating limb in
A. mexicanum. The effects of retinoic acid on the regeneration process are consistent

with that of Maden (1982). The effect of vitamin D on the regeneration of a 1imb
appears to mimic or parallel that of retinoic acid with the exception of
proximalization of the distal blastema which was not observed by vitamin D treatment
alone. Synergism between vitamin 0 and retinoic acid may exist. This is supported
by the effects of 1,25(OH)203+JhRA and 24,25(OH)203+Y2RA Administering a
dose containing Y2 the amount of RA necessary to induce proximalizations and other
observed abnormalities resulted in no effect on the regeneration process. Such a
dosage could only have effected the limbs in such a manner by the cooperative effect
of vitamin 0 3,

In order to be more conclusive, additional studies must be

undertaken.
The fact that vitamin 0 affects the early stages of regeneration is in a similar
manner to RA and that a synergism may exist in promoting the effects of RA on the
proximalization is of great importance in the field.

Since the effects of RA are

mediated by its receptors, and the VOR receptor belongs to the same family of
transcriptional regulators as the RARs, cooperation of these receptors may exist.
Recently it was presented that retinoic acid may not be a morphogen after all
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(Wanek,

el

al., 1991; Noji,

el

al., 1991). This further adds credibility to the possible

existence of cooperative effects of vitamin D and retinoic acid. Such possibilities
might open new ways in studying the molecular mechanisms of pattern formation in
this system.
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